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INSTABILITY AND 
PRECIPITATION 

Instability occurs when air is less 
dense than its surroundings. It is 
greatest when there is cold, dense air 
aloft and warm, moist air at low levels, 
since moist air is less dense than dry 
air. In an unstable atmosphere, airthat 
starts moving upwards will keep 
moving upwards. 

As air moves upwards, it expands 
further. Expansion causes cooling, since 
as the molecules of air move farther 
apart, the amount of kinetic energy in 
a given volume falls. At some point it 
becomes too cool for water vapour in 
the rising air to remain in the gas phase. 
When air reaches this point, called the 
dew-point temperature, water vapour 
begins condensing out of the air, 
forming clouds and precipitation - rain, 
hail or snow. Thus, two ingredients are 
needed to generate precipitation: 
sufficient water vapour in the air, and 
a mechanism to lift air so that it cools 
to its dew-point temperature. 

The three main ways air gets lifted 
to cause cooling and condensation are: 

1) solar heating of the ground, 
causing thermals to develop 

2) air masses of different densities 
meeting and creating "fronts" that 
push air upwards, and 

3) air being forced upwards by 
mountains in its way. 

While air temperatures fall with 
altitude in the lower atmosphere, or 
troposphere, at an altitude of around 
11 kilometres the air suddenly begins 
to warm again. This "temperature 
inversion" marks the bottom of the 
stratosphere. It is caused by the 
heating of air as ozone absorbs 
ultraviolet light. No clouds form in the 
stratosphere, since air from the 
troposphere cannot rise above the 

| inversion. This puts a lid on instability. 

2 If there was no inversion, we would get 

3 more extreme weather. 
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WIND BELTS AND THE CORIOLIS EFFECT 


If Earth did not rotate, global wind patterns would be 
very simple. Hot air would rise at the equator, then 
spread out horizontally towards the poles once it 
reached the top of the atmosphere. At the poles it 
would cool, sinking as it became more dense, then 
flow along the surface back to the equator. Surface 
winds would thus flow only from north to south in the 
northern hemisphere, and south to north in the 
southern hemisphere. 

On a rotating sphere, the surface - and the air above 
it - moves fastest at the equator and not at all at the 
poles. Thus, Earth's rotation deflects winds to the right 
in the northern hemisphere, and left in the southern. 
This deflection is called the Coriolis effect. 

The rotation of the Earth creates a Coriolis effect 
strong enough to produce three interlocking bands of 
surface winds in each hemisphere: the equatorial 


trade winds, the mid-latitude 
westerlies and the polar easterlies 
(see diagram). If Earth spun faster, 
there would be more of these wind 
belts. Jupiter's very fast rotation rate - 
its days last just 10 hours - gives that 
planet many more bands of winds 
than Earth. At high altitudes, fast 
west-to-east bands of wind called jet 
streams develop above the slower- 
moving surface winds. While this 
general pattern of wind belts 
predominates, because we do not live 
on a uniform sphere but on one with 
oceans, mountains, forests and 
deserts, actual wind patterns are far 
more complicated and variable. 


Thespeed at which 
the Earth rotates shapes 
its wind patterns 


Earth's atmosphere is heated unequally at the poles 
and equator. This occurs because of simple geometry. 
We live on a sphere orbiting the sun, and sunlight 
falls from directly overhead on the equator, but at a 
sharply slanted angle near the north and south poles. 
The polar regions thus receive less sunlight for a 
given area than the equator. This difference is the 
fundamental driver of weather on the planet. Heat 
naturally moves from hotter to colder areas, so the 
atmosphere and oceans transport heat from the 
equator to the poles. A planet without temperature 
differences would be a planet without weather, where 
the wind never blows. But on Earth the wind always 


As rising aircools, 
water vapour 
condenses out, 
forming clouds 



DRIVING FORCE 


The thin layer of gas making up the Earth's amazing atmosphere 
is prone to moods of spectacular beauty - and stunning violence. 
To understand what makes the weather go wild, we must start 
by looking at the intricate workings of the forces that set the 
atmosphere in motion and thus drive our planet's weather 
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"If Earth spun faster, 
there would be more of 
these wind belts, as can 
be seen on Jupiter" 


TEMPERATURE, 
PRESSURE AND WINDS 

Air is warmed in three main ways: radiation, 
conduction and convection. The sun radiates photons 
that are absorbed by air molecules, making the 
molecules move faster - that is, get warmer. It has 
the same effect on the ground, whose molecules 
then conduct heat energy to the thin layer of air in 
contact with it. 

As the molecules in this parcel of warm air zing 
around more rapidly, its volume increases. Since this 
makes the air parcel less dense than the surrounding 
air, it becomes more buoyant and thus rises. Cooler, 
heavier airflows into the space it has vacated, where it 
in turn becomes heated and rises, continuing the cycle. 
This vertical movement of heat is called convection, 
and the rising parcels of air are known as thermals. 

In this way, temperature differences cause 
variations in density and pressure that drive winds 
both vertically and horizontally as the air flows to try 
to equalise the pressure. 


Rising currents called 
thermalsformasthesun 
heats air near the ground 
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TORNADOES 


During a tornado in Bridge Creek, Oklahoma, on 
3 May 1999, Doppler radar revealed a wind speed of 
486 kilometres per hour about 30 metres above the 
ground - the fastest ever recorded. Winds of this 
strength cause total destruction, sweeping strong 
timber-frame houses off their foundations and badly 
damaging steel-reinforced concrete structures. 

Fortunately, in the past decade there have only 
been three top-end tornadoes earning an EF-5 
designation on the Enhanced Fujita scale (winds 
exceeding 322 kilometres per hour). Unlike hurricanes, 
tornadoes are quite small, ranging from 75 metres 
across to about 3 kilometres. They descend from 
cumulonimbus (thunderstorm) clouds, which can be 
over land or water. Those that form or move over water 
are called waterspouts and tend to be much weaker 
than tornadoes over land. 

A very particular set of conditions is needed for 
tornadoes to form. Most important is the presence of 
instability and wind shear. A low-altitude flow of 
warm, moist air from an ocean area combined with a 
flow of cold, dry polar air high up creates maximum 
instability, which means that parcels of air heated near 
the surface rise rapidly, creating powerful updrafts. 

If a strong jet stream is present, with high winds 
near the top of the troposphere, there will be vertical 
wind speed shear. If the winds also change from 
southerly near the surface to westerly aloft, there 
is vertical wind direction shear. These two types of 
shear make the updraft rotate, creating a rotating 
thunderstorm, or supercell. Supercells spawn the vast 
majority of strong (EF-2 and EF-3) and violent (EF-4 
and EF-5) tornadoes. 

A third ingredient that is usually needed to 
generate supercell thunderstorms is the "cap". 

This is a region in the middle layers of the atmosphere 


where dry, stable air has intruded. 

It prevents air rising very high until 
later in the day, when solar heating 
eventually generates enough 
instability for one thermal to burst 
through the cap. The result is a single, 
large supercell instead of a number of 
smaller, spread-out thunderstorms. 

These conditions are most common 
in the Midwestern US. The Gulf of 
Mexico provides a source of warm, 
moist air at low levels, and when this 
low-density air slides underneath 
high-density cold, dry air flowing 
southwards from Canada, an 
explosively unstable atmosphere 
often results. Add to this mix a 
mid-level intrusion of dry, stable air 
from the desert regions to the west 
and a powerful jet stream aloft 
creating plenty of wind shear, and 
dozens or even hundreds of tornadoes 
can result. During the Super Outbreak 
of April 1974,148 tornadoes occurred 
in an 18-hour period over 12 states in 
the US and Ontario, Canada. At least 
300 people died. 

While the vast majority of the 
world's tornadoes occur in the US, 
they do affect other nations too. 
Bangladesh averages three tornadoes 
per year, and many of these are 
strong and violent. The world's 
deadliest tornado was an EF-5 that 
hit Bangladesh on 26 April 1989, 
killing more than 1300 people. 



MID-LATITUDE 

CYCLONES 

The unequal heating of the equator 
and poles often leads to storms 
thousands of kilometres across, which 
transport heat towards the poles. 
These huge storms, called mid-latitude 
cyclones, are the familiar low-pressure 
systems and winter blizzards that give 
the mid-latitudes much of their 
precipitation. 

Mid-latitude cyclones form where 
sharp temperature contrasts exist along 
a front separating cold, dry polar air from 
warm, moist tropical air. These great 
storms are primarily powered by the 
release of potential energy as cold, 
dense air moving down and towards the 
equator displaces warmer, less dense air 
moving polewards and upwards. 

An additional energy source is latent 
heat. A lot of energy is needed to turn 
liquid water into vapour, and this 
energy is released when the vapour 
condenses. When air is lifted and 
cooled in a storm, and water vapour 
condenses, the release of latent heat 
warms the surrounding atmosphere. 
That makes this air rise higher, which 
releases yet more latent heat, 
powering the storm. The storm acts 
as a heat engine, converting the heat 
energy into kinetic energy - wind. 


ThetornadoSuper 
Outbreak of 1974 (far left) 
caused extensive damage 
across the US and Canada 






CONCENTRATEDFURY 


Tornadoes reveal the atmosphere at its most violent. Spawned 
by thunderstorms, they produce the fastest winds of any natural 
phenomenon. It is fortunate for us that most tornadoes are small, 
and that the seriously destructive ones are extremely rare 



"The world's deadliest 
tornado was an EF-5 that 
hit Bangladesh in 1989, 
killing 1800 people" 
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THUNDERSTORMS 

If the sun's heat is strong enough, the upward-moving 
thermals it creates form puffy-topped cumulus clouds. 
In some cases, the tops of these cauliflower-shaped 
clouds may reach the top of the troposphere. In the 
upper parts of these clouds, freezing temperatures 
create ice and snow, and collisions between the frozen 
particles separate electric charge. When the charge 
builds up to a critical level, a lightning bolt strikes, 
reuniting the positive and negative charges. 

The cause of the subsequent thunderclap is still 
being debated. One recent theory is that it is driven 
by energy released after N 2 and 0 2 molecules have 
been split apart - an air explosion. 

Whatever the reason, the cumulus cloud is now 
a cumulonimbus cloud - a thunderstorm. As well as 


providing life-sustaining rains for 
most of the planet, thunderstorms 
also bring a variety of hazards. The 
world's heaviest rainfall events are 
invariably caused by thunderstorms; 
the heavy rainfall of tropical cyclones 
is due to the thunderstorms 
embedded within them. Severe 
thunderstorms can generate 
destructive straight-line winds with 
speeds up to 240 kilometres per hour 
and generate hailstones a large as 
a grapefruit. Finally, thunderstorms 
spawn nature's most violent 
windstorm - the tornado. 



Hailstones can do serious 
damage to people, plants 
and planes even when they 
arefarsmallerthan this 














TYPHOON OR HURRICANE? 


A tropical cyclone starts life as a tropical depression - an 
organised, spinning storm system with wind speeds of 
less than 63 kilometres per hour. When the winds grow 
faster, the system is given a name and classified as a 
tropical storm. When the winds reach 119 km/h, a ring 
of intense thunderstorms called the "eyewall" forms 
around the storm's centre. Within the eyewall is the 
"eye" of the storm, a clear, calm region of sinking air. 

Once the sustained winds exceed 119 km/h, the 
storm is classified as a hurricane if it is in the Atlantic or 
eastern Pacific, or as a typhoon in the western Pacific. 
In the Indian Ocean or in the southern hemisphere it is 
simply called a cyclone or tropical cyclone. There is no 
meteorological difference between these differently 
named storms. 

Very warm water extending to a depth of 50 metres 
or more can help fuel rapid intensification of a tropical 
cyclone to "major" hurricane status, with winds of 


178 km/h or more - the most 
fearsome and destructive type of 
storm on the planet. 

Traditionally, hurricanes are ranked 
from 1 to 5 on the Saffir-Simpson 
scale, based on the maximum 
sustained wind speed. However, this 
scale can be misleading. A weak storm 
that covers a huge area of the sea can 
generate a larger storm surge than a 
smaller but more intense hurricane 
with a higher Saff ir-Simpson rating. 

To give a better idea of the storm 
surge potential, the experimental 
Integrated Kinetic Energy scale has 
been developed. It is a measure of 
both wind speed and the area over 
which high winds extend. 


MONSOON DEPRESSIONS 


Monsoons operate via the same principle as the familiar 
summer afternoon sea breeze, but on a grand scale. 

In summer, the land gets hotter than the sea: that's 
because on land, the sun's heat is concentrated close 
to the surface, while at sea wind and turbulence mix 
warm water at the surface with cooler water lower 
down. Also, the molecular properties of water mean 
it takes more energy to raise its temperature than it 
does to heat the soil and rock that make up dry land. 

As a result, a low-pressure region of rising air 
develops over land areas. Moisture-laden ocean winds 
blow towards this region and are drawn upwards when 
they reach land. The rising air expands and cools, 
releasing its moisture as some of the heaviest rains on 
Earth - the monsoon. 


Each summer, monsoons affect 
every continent except Antarctica and 
are responsible for life-giving rains 
that sustain the lives of billions of 
people. In India, home to 1.1 billion 
people, the monsoon provides 80 per 
cent of the annual rainfall. Monsoons 
have their dark side too, though: 
hundreds of people in India and 
surrounding nations die each year in 
floods and landslides triggered by the 
heavy rains. 

The most deadly flooding events 
usually come from monsoon 
depressions, also known as monsoon 













HEAT ENGINES 


Warm ocean waters provide the power that drives the world's most 
fearsome storms. Hurricanes can be more than 2000 kilometres 
wide, generate storm surges of over 10 metres and deposit more 
than a metre of rain in a day 



The strongest winds in 
a hurricane occur in the 
eyewall around the centre 


lows. A monsoon depression is similar 
to, but larger than, a tropical 
depression. Both are spinning storms 
hundreds of kilometres in diameter 
with sustained winds of 50 to 
55 kilometres per hour, nearly calm 
winds at their centre and very heavy 
rains. Each summer, around seven 
monsoon depressions form over the 
Bay of Bengal and track westwards 
across India. This year, two major 
monsoon depressions crossed over 
India into Pakistan in July and August, 
bringing heavy rains and the worst 
flooding in Pakistan's history. 



TROPICAL CYCLONES 

The word "cyclone" can be used to describe any rotating 
storm system. This includes hurricanes, tornadoes and 
the ordinary low-pressure systems that develop in the 
mid-latitudes. 

Tropical cyclones, though, form only over warm ocean 
waters of at least 26 °C, and unlike storm systems over 
land, derive their energy exclusively from latent heat. 
Hurricanes, typhoons, tropical storms and tropical 
depressions are all examples of tropical cyclones. 

Like tornadoes, tropical cyclones need a particular 
set of ingredients in order to form, starting with warm 
ocean water. In addition, vertical wind shear must be 
very low: in other words, the difference in wind speed 
between the surface and the top of the troposphere 
must be less than around 10 metres per second. 

Any faster and the shear tilts and stretches the core 
of a developing tropical cyclone, carrying away its heat 
and moisture. 

Strong upper-level winds associated with the jet 
stream or upper-level low-pressure systems are the 
most common source of wind shear. The more 
equator-ward position of the subtropical jet stream 
in winter and spring is the main reason why hurricanes 
and typhoons rarely form in the Caribbean Sea or 
western Pacific in those seasons, even though ocean 
temperatures are warm enough year-round to support 
such storms. Tropical cyclones also need high moisture 
through a deep layer of the atmosphere. Dry air from 
Africa or North America often disrupts a hurricane in 
the process of forming. 

Finally, a tropical cyclone needs something to get 
it spinning. In the Atlantic this is usually provided by 
disorganised areas of low pressure called African 
easterly waves, which emerge from the coast of Africa 
and move eastwards towards the Caribbean. 

Hurricanes get more spin from the effect of Earth's 
rotation. Since the amount of vertical spin of the 
atmosphere due to the Coriolis force is zero at the 
equator and maximum at the poles, tropical cyclones 
generally cannot form within about 5 degrees of 
latitude from the equator. They then tend to expand 
as they move polewards, due to the increasing amount 
of vertical spin. 


RECIPE FORA HURRICANE 
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HURRICANE 

HUNTING 

"Another updraft, much stronger, 
grabs the aircraft. I regret forgetting 
to fasten my shoulder harness as I 
struggle to keep from bashing into the 
computer console. Seconds later, a 
huge downdraft blasts us, hurling the 
loosened gear against walls and floor. 
Gerry and Lowell are barely in control 
of the aircraft. Hugo is a category 5 
hurricane, and we are in the eyewall 
at 1500 feet! One strong downdraft 
could send us plunging into the ocean. 
We have to make it to the eye, where 
we can climb to a safer altitude. 

"We're almost there! Then, disaster. 
Thick, dark clouds suddenly envelop 
the aircraft. A titanic fist of wind 
smashes us. I am thrown into the 
computer console, bounce off, and 
for one terrifying instant find myself 
looking down at a precipitous angle 
at Sean across the aisle from me." 

I served for four years as a flight 
meteorologist on the National Oceanic 
and Atmospheric Administration's P-5 
hurricane hunter aircraft. During this 
mission in hurricane Hugo in 1989, we 
hit the most extreme turbulence any 
hurricane hunter aircraft has ever 
survived, with forces of 5.7 g. The 
wings are only rated to stay on at 6 g. 
The pilot lost control of the aircraft 
and one of our engines burst into 


flame during the encounter. 

Six missions between 1945 and 
1974 were lost with all hands. The 
aircraft used in those days were 
poorly equipped and wind speed 
had to be estimated by looking at the 
degree to which the sea surface had 
been churned to foam - which meant 
flying beneath the lowest clouds at an 
altitude of just 200 metres. 

The reason for flying into hurricanes 
is to measure the strongest winds, 
which occur in the eyewall - the ring 
of violent thunderstorms that 
surrounds the calm eye. Knowing the 
exact strength of the eyewall winds is 
crucial for issuing proper warnings. 

Satellites cannot measure winds in 
the eyewall directly, as they have a 
limited ability to see through clouds 
and rain. That an airplane could safely 
penetrate the eyewall and survive was 
first demonstrated on 27 July 1945, 
by Colonel Joseph Duckworth. This 
dangerous task will likely be taken over 
by UAVs, with no crew on board, in 
20 or so years from now. However, only 
crewed aircraft can carry the heavy 
Doppler radar instruments needed to 
fully probe the structure of a hurricane, 
so these aircraft will continue to fly 
into the less dangerous parts of 
hurricanes for a long time to come. 
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